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ABSTRACT
We present a new image of the 9.0 GHz radio emission from the extended Chandra
Deep Field South. A total of 181 hours of integration with the Australia Telescope
Compact Array has resulted in a 0.276 square degree image with a median sensitivity of
∼20 µJy/beam rms, for a synthesised beam of 4.0 × 1.3 arcsec. We present a catalogue
of the 9.0 GHz radio sources, identifying 70 source components and 55 individual radio
galaxies. Source counts derived from this sample are consistent with those reported
in the literature. The observed source counts are also generally consistent with the
source counts from simulations of the faint radio population. Using the wealth of
multiwavelength data available for this region, we classify the faint 9 GHz population
and find that 91% are radio loud AGN, 7% are radio quiet AGN and 2% are star
forming galaxies. The 9.0 GHz radio sources were matched to 5.5 and 1.4 GHz sources
in the literature and we find a significant fraction of flat or inverted spectrum sources,
with 36% of the 9 GHz sources having α9.0GHz5.5GHz > -0.3 (for S ∝ να). This flat or inverted
population is not well reproduced by current simulations of radio source populations.
Key words: radio continuum: galaxies – galaxies: active – galaxies: evolution
1 INTRODUCTION
Radio continuum surveys provide important insights into
galaxy evolution and cosmology (Norris 2017). The bright-
est radio sources are associated with active galactic nu-
clei (AGN) activity (e.g. Begelman et al. 1984). Early ra-
dio source counts of the bright radio population provided
the first evidence that objects in the universe, in this case
quasi-stellar objects or QSOs, evolve cosmologically, as the
observed count differed from that expected of a steady-state
or static Euclidean universe (Ryle & Clarke 1961; Longair
1966). At fainter flux density levels a flattening of slope of
radio source counts was found (Fomalont et al. 1984; Condon
1984; Windhorst et al. 1985), and this has been interpreted
as the appearance of a new population dominated by star-
forming galaxies (e.g. Windhorst et al. 1985; Condon 1989;
Seymour et al. 2004; Huynh et al. 2005). A growing num-
ber of studies are finding that low luminosity AGN, both
radio-loud and radio-quiet, make a significant contribution
to the sub-mJy population (e.g. Huynh et al. 2008; Seymour
et al. 2008; Smolcˇic´ et al. 2008; Padovani et al. 2009, 2011;
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Bonzini et al. 2013). A full understanding of the different ra-
dio AGN populations, their distribution in radio luminosity,
their host galaxies properties and their cosmic evolution, is
essential for understanding how galaxies evolve.
The high frequency radio sky (ν & 10 GHz) has not
been as well studied as the radio population at lower radio
wavelengths (e.g. 1.4 GHz). The small field of view of radio
telescopes at high frequencies, combined with source intrin-
sic steep radio spectral energy distributions, means that the
time required to survey an area to an equivalent depth at
these high frequencies is prohibitive. The Ninth Cambridge
(9C) survey at 15 GHz, covering 520 sq deg to a complete-
ness limit of 25 mJy, was the first high-frequency survey to
cover a large area of sky (Waldram et al. 2003). The whole
southern sky has been surveyed by the Australia Telescope
20 GHz survey (AT20, Murphy et al. 2010), which is com-
plete to 100 mJy. Following on from that work, a pilot sur-
vey for AT20-deep covers 5 sq deg and is almost complete
to 2.5 mJy (Franzen et al. 2014). The 10C survey at 15.7
GHz covered ten different fields totalling ∼27 sq deg com-
plete to 1 mJy (AMI Consortium et al. 2011a,b), with deep
areas within those fields totalling ∼ 12 sq deg complete to
0.5 mJy. Further 15.7 GHz observations in two 10C fields go
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a factor of ∼3 deeper, reaching ∼16 and ∼21 µJy rms over
approximately 0.6 sq deg (Whittam et al. 2016).
At the bright end (> 5 mJy), these surveys have found
that high frequency source counts are consistent with models
of the known radio populations (Waldram et al. 2003; Mas-
sardi et al. 2008). However more recent work, probing fainter
populations, is finding that the high frequency radio popula-
tion models are under-predicting the observed source counts
by up to a factor of two at faint flux densities (. 1 mJy)
(AMI Consortium et al. 2011b; Whittam et al. 2016). This
has been interpreted as a population of flat spectrum sources
at faint flux densities which have not been accounted for in
the models (Whittam et al. 2013, 2016), and demonstrates
that one can not extrapolate from the well-determined re-
sults at lower frequency (e.g. 1.4 GHz) to high frequency
by assuming a single spectral index. This is because of the
changing nature of the sources contributing to the counts at
lower frequency versus that at higher frequency, as a func-
tion of flux density. Sources in the deeper 1.4 GHz imaging
may not be present in the higher frequency observations and
a high frequency population which is flat or inverted may
be undetected at 1.4 GHz. A flattening of the average spec-
tral index in sub-mJy samples selected at high frequencies
(>10 GHz) has been observed (Whittam et al. 2013; Franzen
et al. 2014), and this has been observed also in faint 5 GHz
selected samples (Prandoni et al. 2006; Huynh et al. 2015),
but faint radio sources selected at 1.4 GHz or 610 MHz do
not appear to exhibit a flattening in their average spectral
index (Ibar et al. 2009). Hence there appears to be a sig-
nificant population of low-luminosity flat or inverted radio
AGN detected in the deepest high frequency observations
which don’t appear to be in the lower frequency surveys.
In this paper we present 9.0 GHz Australia Telescope
Compact Array (ATCA) observations of the extended Chan-
dra Deep Field South (eCDFS) by the Australia Telescope
Large Area Survey (ATLAS, Norris et al. 2006) team. The
extensive multiwavelength data in the region, from ultra-
deep Hubble Space Telescope (HST) imaging (Giavalisco
et al. 2004; Rix et al. 2004; Koekemoer et al. 2011), opti-
cal spectroscopy (Silverman et al. 2010; Cooper et al. 2012),
to infrared Herschel imaging (Oliver et al. 2012), made
the eCDFS an attractive target for radio observations for
studying galaxy evolution. Several epochs of 1.4 and 1.0–2.0
GHz ATCA observations have been performed by our team,
reaching 14 µJy/beam rms over 3.6 sq deg incorporating the
eCDFS region (Franzen et al. 2015). The 5.5 GHz observa-
tions of the central 30 × 30 arcmin eCDFS were obtained
by the ATLAS team in two epochs of observations (2009-
2010 and 2012) of the central ∼ 0.25 and source counts and
spectral energy distribution (SED) analysis presented in an
initial set of papers (Huynh et al. 2012b, 2015, hereafter
refereed to as H12 and H15). Higher frequency data were
taken simultaneously with the 5.5 GHz data by the ATCA,
centered at 9.0 GHz. The deep and relatively wide-area of
our 9.0 GHz survey presents an opportunity to study faint
high-frequency radio populations. We present our 9.0 GHz
observations and the data reduction in Section 2. Section
3 details the source extraction, the 9.0 GHz catalogue and
its completeness. The source counts are presented in Sec-
tion 4. The nature of the faint 9.0 GHz radio population
is discussed in Section 5, including the radio-loud AGN vs
Table 1. Summary of the ATCA 9 GHz observations.
Program ID Epoch and Date Array Net Integration
Time (h)
C2028 1, 2009 Aug 12, 14 6D 13.7
C2028 1, 2010 Jan 4 – 15 6A 91.0
C2670 2, 2012 May 31 – June 4 6A 41.7
C2670 3, 2012 Aug 14 – 18 6D 34.3
radio-quiet AGN nature, redshifts, radio luminosities, and
source radio spectral energy distributions.
Throughout this paper a standard Λ-CDM cosmology
is adopted with parameters of ΩM = 0.29, ΩΛ = 0.71, and a
Hubble constant of 69.3 km s−1 Mpc−1. Spectral indices are
defined as S ∝ να.
2 THE OBSERVATIONS AND DATA
REDUCTION
The 9 GHz observations of eCDFS were obtained with the
Compact Array Broadband Backend (CABB, Wilson et al.
2011) on the Australia Telescope Compact Array during
2009, 2010 and 2012 as part of project IDs C2028 and C2670.
CABB can observe simultaneously in two independent tun-
able intermediate frequency (IF) bands, each with up to 2048
MHz of bandwidth. The first IF was centred at 5.5 GHz, and
those results are described in H12 and H15. The second IF
was centred at 9.0 GHz. The eCDFS region was covered with
a 42 pointing hexagonal pattern with spacings set at 5 ar-
cmin, to uniformly sample the region in IF1, 5.5 GHz. The
total integration time is summarised in Table 1.
The data were reduced using the Multichannel Image
Reconstruction, Image Analysis and Display (MIRIAD) soft-
ware package (Sault et al. 1995), which is the standard
reduction tool for ATCA observations. The 42 individual
pointings were reduced in a similar way to the 5.5 GHz data
(H15), including the use of multi-frequency synthesis. A ro-
bust weighting of 1 was used in the invert imaging step, and
the individual images have a cellsize of 0.25 arcsec and size
of 2800 × 2800 pixels. This extends beyond the 5% primary
beam response level of the lower end of the 9.0 GHz band,
to capture the full field of view.
Two iterations of self calibration was employed. The
first iteration of self calibration used a model determined
from 50 mfclean iterations, and the second with the model
set by cleaning to 4σ. The final images after the second
self calibration step were cleaned to 4σ. The images from
the individual pointings were restored with the same beam,
the average beam of the 42 pointings, 4.0 × 1.3 arcsec, and
then mosaiced together using the task linmos, which applies
the primary beam correction. The wideband primary beam
correction is performed using the spectral index plane which
is produced in the multi-frequency synthesis.
The final mosaic is shown in Figure 1. Outer regions
further than ∼ 3.3 arcmin from the edge pointings, i.e. have
& 0.5 FWHM primary beam response, were removed to min-
imise primary beam effects at the edge of the image. The im-
age edge would otherwise have high levels of non-Gaussian
noise which would increase the rate of detection of spurious
MNRAS 000, 1–16 (2019)
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Figure 1. The eCDFS 9 GHz mosaic covering 0.276 deg2. The greyscale range is −0.05 to 0.4 mJy. The red crosses mark the 42 pointings
which were combined to form the full mosaic.
sources by source finders. This final mosaic has an area of
0.276 square degrees.
2.1 Image Analysis: Sensitivity and Clean Bias
To examine the noise properties of the final mosaic we ran
BANE (Hancock et al. 2018) to produce a rms map. BANE
produces an rms map by calculating statistics over a square
region of the image, in this case 55 × 55 arcsec or 23 times
the geometric mean of the restoring beam, and 14 times the
beam in the Dec direction. BANE performs 3 iterations of
sigma clipping to avoid contamination from source pixels in
the image. The box size chosen for rms calculations must
be large enough to avoid bias from real sources yet small
enough to reflect local variations in the rms. The box size
in this work is consistent with the size recommended by
(Huynh et al. 2012a), 10 to 20 times the beamsize.
The spacing of the pointings was optimised for 5.5 GHz,
not 9.0 GHz, however we find the noise varies in the inte-
rior of the final mosaic by only ∼20%. At the centre of the
pointings the noise is about 17 to 19 µJy, and at the areas
of least overlap, the noise increases to roughly 20 to 21 µJy
(see Figure 2). The noise at the edge of the mosaic, where
the primary beam response level is 0.5 and there are no over-
lapping pointings, is ∼40 µJy. The distribution of the pixels
in the rms image is shown in Figure 3. The distribution has
a peak of about 20 µJy, consistent with the median of the
noise image, which is 20.18 µJy.
Flux can be redistributed on to noise peaks during the
cleaning process. This so-called clean bias is generally only
a problem for snapshot observations where uv coverage is
poor, or when cleaning deeply to a low threshold level (e.g.
< 3σ). Similar to our previous work in H15 we performed
clean bias simulations to quantify this issue. Point sources
were injected into the uv visibility data of three represen-
tative pointings at random positions. The chosen pointings
were the pointings of lowest and highest time integration,
and one with close to the average time integration. The
uv visibility data was then imaged using the same clean-
ing depth as the final images. The injected flux densities
were compared to output ones to determine the clean bias.
The simulated sources were injected one at a time to avoid
overlapping with real sources in the data, and the process
repeated 5000 times to obtain good statistics. The median
clean bias is negligible for brighter sources (>0.5 mJy) and
only 6 to 7% for the faintest sources (∼100 µJy). Clean bias
is therefore not a significant issue.
3 SOURCE EXTRACTION
Following our previous work in H12 and H15, we use the
MIRIAD task sfind to detect radio sources in the image. sfind
MNRAS 000, 1–16 (2019)
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Figure 2. The noise image produced by BANE. The red crosses
mark the 42 pointings of the mosaic. In the interior of the mosaic
the noise ranges from ∼17 µJy at the pointing centres to ∼21 µJy
in areas furthest from the pointing centres.
Figure 3. The distribution of the pixels of the noise image pro-
duced by BANE. The peak is at 20 µJy. There is a tail of pixels
at higher noise levels (>25 µJy rms) due to noisy regions around
bright sources and the edge of the mosaic which has a lower pri-
mary beam response.
implements a false detection rate algorithm (Miller et al.
2001). This compares the distribution of image pixels to that
of a noise-only image to return a list of sources above a false
detection threshold. In common source finders (e.g. Aegean,
Hancock et al. 2012, 2018) the user set threshold is a S/N
limit, but with sfind the user sets the fraction of sources
which are allowed to be false.
As in H12 and H15, sfind was run with ‘rmsbox’ set to
10 times the synthesised beamwidth (90 pixels) and ‘alpha’
set to 1. For pure Gaussian noise setting ‘alpha’ to 1 would
return a list of sources which is 99% reliable, however the
noise is correlated between pixels for the radio image and
there is primary beam variation in the noise. Also, for pure
Gaussian noise, this would be equivalent to a threshold set-
ting of about 4.9σ. We find this detection method reliable -
performing sfind on the negative image returns no detected
sources.
The sfind task returned 72 detected radio source com-
ponents. Two of these are at the edge of the image with only
half the source inside the final mosaic. One of these border
sources is a clear bright radio source, but the other is not
detected in more sensitive 1.4 GHz VLA Miller et al. (2013)
and 5.5 GHz ATCA data (H15). We removed the first as it is
not fully within our mosaic and we removed the second as it
is likely spurious. One spurious detection out of 72 is consis-
tent with the false detection threshold we set (1%), and still
very reliable. Each of the remaining 70 sfind source compo-
nents was then individually fit as both a point source and a
Gaussian using MIRIAD task imfit. Seven complex multiple-
component sources were identified via visual inspection (see
Figure 4), and these cases were confirmed with inspection of
deeper 1.4 GHz VLA data (Miller et al. 2013) and 5.5 GHz
ATCA data (H15). These sources have core-lobe or lobe-lobe
radio AGN morphology and were confirmed as components
of a single radio source or radio galaxy using optical/NIR
of the field. Where necessary these sources were re-fitted as
multiple Gaussians with imfit and the components are listed
individually in the final catalogue. There are 55 individual
radio sources, or radio galaxies, and 70 source components
in the final catalogue.
3.1 Deconvolution
Following H12 and H15, we use the ratio of integrated flux
density to the fitted peak Gaussian flux (see Equation 1 of
H12) to determine if a source is resolved. Whether a source
is successfully deconvolved depends on the S/N ratio of the
source as well as the synthesised beam-size (or resolution of
the image).
We show the total integrated flux density to peak flux
density ratio from the imfit Gaussian fits as a function of the
S/N in Figure 5. Assuming that sources with Sint/Speak < 1
are due to fitting uncertainties from noise, we can define an
envelope above which sources can be considered resolved:
Sint/Speak = 1 + a/(Speak/σ)b . (1)
As in H12 and H15, we take a = 10 and b = 1.5 and this is
shown as the upper line in (Figure 5). The lower line is just
Equation 1 simply mirrored across Sint/Speak = 1. It encom-
passes all the sources with Sint/Speak < 1, so we find this line
is a good representation of the deconvolution limit. We also
require that Sint/Speak > 1.035 so that bright sources must
have a significant extension, greater than the fitting uncer-
tainty, to be deconvolved. We find 28/70 (40%) components
are resolved.
3.2 The Source Catalogue
The source catalogue is presented in Table 2. Point source
measurements are given for unresolved sources. For the re-
maining sources we provide the peak and integrated source
flux density and deconvolved source sizes from the Gaussian
fits. Internal fitting errors shown in Table 2 dominate for
the majority of sources, which are low S/N, while absolute
calibration errors dominate for high S/N sources.
Column (1) - running source ID. A letter, such as ‘a’,
‘b’, etc., indicates a component of a multi-component source.
MNRAS 000, 1–16 (2019)
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Figure 4. Contour images of the multiple-component radio sources in the catalogue. The images are 30 × 30 arcsec in size, except for
ID 68, which is 1 × 1 arcmin. The contour levels are set at 5, 10, 20, 40 and 80 times the local noise level. However ID 68 also have a
3 sigma contour to show the faint lobes. The synthesized beam is shown in the bottom left corner. Crosses mark the positions of the
catalogued components.
Figure 5. The integrated flux density (Stotal) to peak flux density
(Speak) ratio as a function of source signal to noise (Speak/σ). The
dotted lines shows the upper and lower envelopes of the flux ratio
distribution that contain the unresolved sources. The large dots
indicate sources which are deconvolved successfully and consid-
ered resolved.
Column (2) - Source IAU name
Columns (3) and (4) - Source position: Right Ascension
and Declination (J2000)
Column (5) - Source peak flux density (µJy)
Column (6) - Uncertainty in source peak flux density
(µJy)
Column (7) - Integrated flux density (µJy). Zero indi-
cates sources is not resolved and hence no integrated flux
density is given.
Column (8) - Resolved flag. Zero indicates source is not
resolved.
Column (9) - Deconvolved major axis (arcsec). Zero in-
dicates source is not resolved.
Column (10) - Deconvolved minor axis (arcsec). Zero
indicates source is not resolved.
Column (11) - Deconvolved position angle (degrees),
measured from north through east. Zero indicates source is
not resolved.
Column(12) - Local noise level, rms, in µJy.
MNRAS 000, 1–16 (2019)
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Table 2. The ATLAS 9.0 GHz Catalogue
ID IAU name RA Dec Sp dSp Sint Resolved Decon Decon Decon σlocal
(J2000) (J2000) (µJy) (µJy) (µJy) Flag Bmajor Bminor PA (µJy)
1 ATCDFS9 J0033338.36-280029.6 03:33:38.3 -28:00:29.6 375 40 0 0 0.00 0.00 0.0 43.7
2 ATCDFS9 J0033333.42-275332.4 03:33:33.4 -27:53:32.4 386 33 0 0 0.00 0.00 0.0 27.8
3 ATCDFS9 J0033332.56-273539.0 03:33:32.5 -27:35:39.0 324 25 441 1 3.12 0.48 -2.1 25.4
5 ATCDFS9 J0033325.86-274343.1 03:33:25.8 -27:43:43.1 277 23 0 0 0.00 0.00 0.0 18.2
6 ATCDFS9 J0033316.73-275630.4 03:33:16.7 -27:56:30.4 859 23 0 0 0.00 0.00 0.0 18.0
7 ATCDFS9 J0033316.75-280016.0 03:33:16.7 -28:00:16.0 1034 17 0 0 0.00 0.00 0.0 20.3
8 ATCDFS9 J0033316.35-274724.9 03:33:16.3 -27:47:24.9 981 22 0 0 0.00 0.00 0.0 18.9
9 ATCDFS9 J0033314.99-275151.4 03:33:14.9 -27:51:51.4 805 23 0 0 0.00 0.00 0.0 21.0
10 ATCDFS9 J0033310.19-274842.2 03:33:10.1 -27:48:42.2 6749 27 0 0 0.00 0.00 0.0 18.5
11 ATCDFS9 J0033309.73-274801.6 03:33:09.7 -27:48:01.6 95 20 0 0 0.00 0.00 0.0 18.1
12 ATCDFS9 J0033308.17-275033.6 03:33:08.1 -27:50:33.6 235 25 0 0 0.00 0.00 0.0 19.9
13 ATCDFS9 J0033303.73-273611.4 03:33:03.7 -27:36:11.4 427 26 0 0 0.00 0.00 0.0 18.3
14A ATCDFS9 J0033257.59-280209.4 03:32:57.5 -28:02:09.4 540 60 1230 1 2.47 1.72 -65.0 20.7
14B ATCDFS9 J0033257.36-280210.0 03:32:57.3 -28:02:10.0 356 73 0 0 0.00 0.00 0.0 20.9
14C ATCDFS9 J0033257.11-280210.2 03:32:57.1 -28:02:10.2 1213 58 2941 1 2.81 1.22 75.0 21.0
14D ATCDFS9 J0033256.76-280211.8 03:32:56.7 -28:02:11.8 1290 67 2315 1 1.96 1.65 2.1 21.3
19 ATCDFS9 J0033256.47-275848.4 03:32:56.4 -27:58:48.4 1042 20 1086 1 0.41 0.08 69.6 19.6
20 ATCDFS9 J0033253.34-280159.5 03:32:53.3 -28:01:59.5 467 22 531 1 1.80 0.31 8.2 22.4
21 ATCDFS9 J0033252.07-274425.7 03:32:52.0 -27:44:25.7 212 32 0 0 0.00 0.00 0.0 21.0
22 ATCDFS9 J0033249.43-274235.3 03:32:49.4 -27:42:35.3 430 22 481 1 1.36 0.12 -19.4 21.6
23 ATCDFS9 J0033249.19-274050.7 03:32:49.1 -27:40:50.7 1572 27 0 0 0.00 0.00 0.0 18.5
25A ATCDFS9 J0033243.21-273812.9 03:32:43.2 -27:38:12.9 1851 40 3104 1 1.89 1.10 50.9 22.3
25B ATCDFS9 J0033243.04-273813.5 03:32:43.0 -27:38:13.5 1082 47 1694 1 2.33 1.17 8.6 22.3
25C ATCDFS9 J0033242.63-273816.2 03:32:42.6 -27:38:16.2 371 22 0 0 0.00 0.00 0.0 22.4
25D ATCDFS9 J0033241.99-273819.4 03:32:41.9 -27:38:19.4 5976 22 7892 1 1.36 0.97 8.9 22.4
29A ATCDFS9 J0033232.14-280317.8 03:32:32.1 -28:03:17.8 1228 28 1604 1 1.69 0.87 4.7 28.0
29B ATCDFS9 J0033232.00-280309.9 03:32:32.0 -28:03:09.9 3734 27 4090 1 1.31 0.32 -8.2 26.8
29C ATCDFS9 J0033231.99-280302.8 03:32:31.9 -28:03:02.8 855 68 1440 1 3.24 1.07 7.3 25.7
29D ATCDFS9 J0033231.84-280302.5 03:32:31.8 -28:03:02.5 315 70 0 0 0.00 0.00 0.0 25.7
33 ATCDFS9 J0033231.55-275029.1 03:32:31.5 -27:50:29.1 169 14 0 0 0.00 0.00 0.0 20.3
34 ATCDFS9 J0033228.82-274355.9 03:32:28.8 -27:43:55.9 366 24 0 0 0.00 0.00 0.0 21.7
35 ATCDFS9 J0033226.97-274106.9 03:32:26.9 -27:41:06.9 3166 20 5269 1 3.47 0.77 16.6 19.5
36 ATCDFS9 J0033224.31-280114.6 03:32:24.3 -28:01:14.6 119 21 0 0 0.00 0.00 0.0 19.2
37 ATCDFS9 J0033221.72-280154.1 03:32:21.7 -28:01:54.1 118 12 0 0 0.00 0.00 0.0 19.3
38A ATCDFS9 J0033219.28-275406.5 03:32:19.2 -27:54:06.5 853 35 978 1 1.07 0.62 2.8 19.9
38B ATCDFS9 J0033219.13-275407.5 03:32:19.1 -27:54:07.5 277 28 0 0 0.00 0.00 0.0 19.9
40 ATCDFS9 J0033218.02-274718.3 03:32:18.0 -27:47:18.3 288 21 0 0 0.00 0.00 0.0 20.8
41 ATCDFS9 J0033217.05-275846.5 03:32:17.0 -27:58:46.5 1628 36 0 0 0.00 0.00 0.0 19.9
42 ATCDFS9 J0033215.97-273438.1 03:32:15.9 -27:34:38.1 181 22 0 0 0.00 0.00 0.0 21.3
43 ATCDFS9 J0033213.90-275000.6 03:32:13.9 -27:50:00.6 144 29 0 0 0.00 0.00 0.0 20.8
44 ATCDFS9 J0033213.49-274953.6 03:32:13.4 -27:49:53.6 89 24 0 0 0.00 0.00 0.0 20.7
45 ATCDFS9 J0033213.04-274351.5 03:32:13.0 -27:43:51.5 101 18 191 1 2.45 0.79 52.5 17.8
46 ATCDFS9 J0033211.65-273726.3 03:32:11.6 -27:37:26.3 14823 101 0 0 0.00 0.00 0.0 22.3
47 ATCDFS9 J0033211.01-274053.7 03:32:11.0 -27:40:53.7 185 23 0 0 0.00 0.00 0.0 21.2
48 ATCDFS9 J0033210.92-274415.2 03:32:10.9 -27:44:15.2 1860 27 0 0 0.00 0.00 0.0 19.1
49 ATCDFS9 J0033209.71-274248.6 03:32:09.7 -27:42:48.6 382 29 0 0 0.00 0.00 0.0 20.8
50 ATCDFS9 J0033208.67-274734.6 03:32:08.6 -27:47:34.6 4247 22 4400 1 0.88 0.19 -1.9 21.9
51A ATCDFS9 J0033201.55-274648.0 03:32:01.5 -27:46:48.0 2501 21 3674 1 1.57 0.88 49.1 20.5
51B ATCDFS9 J0033201.29-274647.7 03:32:01.2 -27:46:47.7 1302 21 2174 1 2.51 1.05 26.6 20.5
53 ATCDFS9 J0033200.84-273557.0 03:32:00.8 -27:35:57.0 2648 33 0 0 0.00 0.00 0.0 20.1
54 ATCDFS9 J0033153.43-280221.2 03:31:53.4 -28:02:21.2 962 26 0 0 0.00 0.00 0.0 18.7
55 ATCDFS9 J0033152.12-273926.5 03:31:52.1 -27:39:26.5 355 31 0 0 0.00 0.00 0.0 21.4
56 ATCDFS9 J0033150.15-273948.1 03:31:50.1 -27:39:48.1 176 29 0 0 0.00 0.00 0.0 19.7
57 ATCDFS9 J0033150.01-275807.0 03:31:50.0 -27:58:07.0 125 19 0 0 0.00 0.00 0.0 20.0
58 ATCDFS9 J0033149.86-274839.2 03:31:49.8 -27:48:39.2 658 19 861 1 1.29 0.92 23.8 19.1
59 ATCDFS9 J0033146.11-280026.5 03:31:46.1 -28:00:26.5 337 21 392 1 1.68 0.41 13.8 20.9
60 ATCDFS9 J0033134.23-273828.3 03:31:34.2 -27:38:28.3 124 33 0 0 0.00 0.00 0.0 20.8
61A ATCDFS9 J0033131.10-273815.8 03:31:31.1 -27:38:15.8 955 56 1369 1 1.60 1.14 0.2 21.2
61B ATCDFS9 J0033130.96-273815.8 03:31:30.9 -27:38:15.8 355 41 637 1 2.57 1.43 -10.2 21.2
62 ATCDFS9 J0033130.75-275735.3 03:31:30.7 -27:57:35.3 133 25 0 0 0.00 0.00 0.0 20.7
63 ATCDFS9 J0033127.20-274247.3 03:31:27.2 -27:42:47.3 337 20 427 1 2.48 0.52 -0.0 19.7
64 ATCDFS9 J0033127.04-275959.0 03:31:27.0 -27:59:59.0 97 14 0 0 0.00 0.00 0.0 20.1
65 ATCDFS9 J0033124.90-275207.9 03:31:24.9 -27:52:07.9 4095 21 8121 1 2.47 0.75 59.6 21.4
66 ATCDFS9 J0033123.30-274905.8 03:31:23.3 -27:49:05.8 374 18 0 0 0.00 0.00 0.0 18.8
67 ATCDFS9 J0033117.35-280147.2 03:31:17.3 -28:01:47.2 416 47 0 0 0.00 0.00 0.0 37.3
68A ATCDFS9 J0033117.04-275514.6 03:31:17.0 -27:55:14.6 190 25 409 1 3.26 1.74 2.8 24.9
68B ATCDFS9 J0033115.05-275518.7 03:31:15.0 -27:55:18.7 1900 33 0 0 0.00 0.00 0.0 22.9
68C ATCDFS9 J0033113.99-275519.2 03:31:13.9 -27:55:19.2 152 20 478 1 4.84 1.85 30.9 26.0
68D ATCDFS9 J0033113.82-275518.9 03:31:13.8 -27:55:18.9 112 34 0 0 0.00 0.00 0.0 27.6
70 ATCDFS9 J0033113.95-273910.8 03:31:13.9 -27:39:10.8 511 23 595 1 1.61 0.52 -3.0 22.6
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Figure 6. LEFT: Completeness as a function of input flux density, as derived from the injected sources. Completeness is defined as the
number of extracted sources divided by number of input sources. RIGHT: The distribution of output/input flux density as a function of
output flux density for the injected sources. The solid red line is the median ratio from the simulation and the dashed lines mark the 1
sigma upper and lower bounds. The rapid upturn below about 0.12 mJy shows the effect of flux boosting at the faint end.
3.3 Completeness and Flux Density Bias
For a simple S/N threshold source extractor, the complete-
ness of the source catalogue as a function of flux density
can be determined by the noise map variation. However, we
used the MIRIAD task sfind which does not translate into
a straightforward S/N threshold. As in H12 and H15, we
performed Monte-Carlo simulations to determine the com-
pleteness of the source catalogue. The overall completeness
level of the generated catalogue was determined by injecting
sources over the full area of the mosaic and then extracting
them with the same method that produced the catalogue,
i.e. detection with sfind, measurement with imfit. Artificial
sources were injected one at at time to avoid confusion ef-
fects, with input flux densities from 50 to 2500 µJy. In total
10,000 artificial sources were injected for reliable statistics.
The completeness is the fraction of input artificial sources
which are recovered and extracted by sfind, and this is shown
as a function of flux density in Figure 6. The completeness
rises steeply from about 13% at 80 µJy to approximately
90% at 150 µJy. The 50% completeness level occurs at ap-
proximately 105 µJy.
Faint sources that lie on a noise peak have increased
flux densities and a higher probability of being detected
than faint sources which lie on noise troughs. The average
flux density for an ensemble of faint sources can therefore
be increased due to noise, introducing a flux density bias.
This effect is called ’flux boosting’ and it is strongest in the
faintest flux density bins. As in H12 and H15, the extent of
flux boosting is estimated from the simulations, using the ra-
tio of output to input flux density (Figure 6). In the faintest
bins we find that flux densities are boosted by about 34%
at 80 µJy and 19% at 100 µJy, on average. Flux boosting is
negligible for sources with flux densities brighter than about
150 µJy.
3.4 Source Sizes and Resolution Bias
Faint extended sources may have peak flux densities that fall
below the detection threshold, even though they may have
large total flux densities. For source counts which are com-
plete in terms of total flux density this so-called resolution
bias must be determined. We follow the technique of H12
and H15 to estimate the resolution bias.
In Figure 7 we plot the angular sizes of the catalogued
sources as a function of total flux density, where the angular
size θ is defined as the geometric mean of the fitted Gaus-
sian major and minor axes. Assuming a Gaussian beam, the
maximum size (θmax) a source of total flux density Stot can
have before it drops below the detection limit can be ap-
proximated by
Stot/σdet = θ2max/(bminbmaj) , (2)
where σdet is the detection limit and bmaj and bmin are the
synthesized beam major and minor axes (FWHM), respec-
tively. Since the sfind detection limit varies across the im-
age, we use the the pixels of the noise image to determine
the relative weight of noise values ranging from 16.5 to 42.5
µJy, assume a detection limit of 5σ and calculate a noise-
weighted θmax. This is shown as a dotted line in Figure 7.
There is one extended source on the line and none above it,
indicating that this maximum size estimate works well.
An estimate of the minimum angular size (θmin) a source
can have is then estimated from Equation 1:
Sint/Speak = 1 + 10/(Speak/σ)1.5 = θ2min/(bminbmaj) (3)
Similar to θmax we calculate a noise-weighted θmin using the
pixel distribution of the noise image. The resulting θmin as
a function of total flux density is plotted in Figure 7 (solid
line). The θmin constraint becomes important at low flux
density levels, where θmax is smaller than a point source and
therefore unphysical.
Overplotted in Figure 7 (dashed lines) is the median
angular size relation for a 1.4 GHz sample from Windhorst
et al. (1990):
θmed = 2′′S0.301.4GHz (4)
where S1.4GHz is in mJy. The 1.4 GHz flux densities were
extrapolated to 9.0 GHz assuming a spectral index of 0,
-0.5 and -0.8 between 1.4 and 9.0 GHz. At flux densities
less than .0.5 mJy the radio sources are expected to have
median sizes smaller than our beam, and this is consistent
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with our observations where we have only resolved a handful
of sources at S . 0.5 mJy.
The integral angular size distribution, h(θ), from Wind-
horst et al. (1990) is:
h(θ) = exp[− ln 2 (θ/θmed)0.62] . (5)
This allows us to estimate the fraction of sources larger
than the maximum detectable size, and hence missed by
the survey. If we take the overall angular size limit to be
θlim = max(θmax, θmin) then the resolution bias correction fac-
tor is
c =
1
1 − h(θlim)
. (6)
This correction factor is plotted in Figure 7. It has a maxi-
mum of about 1.7 at a flux density of 130 µJy, where the lim-
iting overall angular size, θlim, becomes dominated by θmin.
The strong caveat to the resolution bias correction is that
the integral angular size distribution at these flux densities
and this frequency is not well known. Sources are likely to be
systematically smaller at 9 GHz compared to 1.4 GHz due
to the lower sensitivity to steep-spectrum extended lobes.
We notice that the 9 GHz sources brighter than 4 mJy have
a median size of 3.2 arcsec, which lies below the Windhorst
et al. (1990) distribution assuming a spectral index of α = 0,
but this result is from a small number of sources. We can
not draw strong conclusions for flux densities fainter than
∼ 1 mJy but the point at which sources drop below our de-
convolution limit is consistent with Windhorst et al. (1990)
distribution. Resolution bias can be significant in ATCA 1.4
GHz observations (e.g. Huynh et al. 2005; Hales et al. 2014)
and so it is likely to be even more important in the higher
resolution 9 GHz observations.
Another incompleteness comes from the lack of short
baselines, which limits the maximum scale that a radio ob-
servation can reliably detect. With 6A and 6D ATCA con-
figurations, our shortest baseline is 77m and there is reduced
coverage for baselines shorter than 214m. We therefore start
to be insensitive to extended structures & 30 arcsec and
lose all sensitivity to extended structures & 90 arcsec. Only
about one source in our survey area is expected to be greater
than 30 arcsec in size, using the Windhorst et al. 1990 size
distribution and radio source counts, and we don’t expect a
source larger than 90 arcsec in our small survey area.
4 SOURCE COUNTS
The differential radio source counts, normalised to a non-
evolving Euclidean universe (dN/dS S2.5), were constructed
from our catalogue. Integrated flux densities were used for
resolved sources and peak (or point source) flux densities
for the remainder. The multiple components of a single ra-
dio galaxy were summed and counted as a single source.
The counts are summarised in Table 3 where for each bin
we report the flux density interval, mean flux density, the
number of sources detected (N), the number of sources af-
ter completeness and resolution bias corrections have been
applied (NC), and the normalised differential source count
(dNC/dS S2.5 [Jy1.5 sr−1]). We estimate the error in the
counts with
√
dN/dS S2.5, approximately Poissonian, but
with uncertainties in the completeness, flux boosting and
Table 3. The 9.0 GHz source counts.
∆S 〈S〉 N NC dNC/dS S2.5
(µJy) (µJy) [Jy1.5 sr−1]
80 – 120 106 5 12.44 0.43 ± 0.17
120 – 175 150 4 7.23 0.43 ± 0.25
175 – 250 197 5 8.42 0.73 ± 0.41
250 – 370 321 4 6.37 1.16 ± 0.66
370 – 500 410 10 15.63 4.88 ± 1.92
500 – 700 563 2 3.06 1.37 ± 0.90
700 – 1000 894 5 7.41 7.02 ± 3.31
1000 – 1500 1125 3 4.38 4.42 ± 2.51
1500 – 2500 1766 4 5.67 8.86 ± 4.37
2500 – 4500 3216 3 4.11 14.3 ± 8.1
4500 – 6000 5558 2 2.64 48.4 ± 31.4
resolution bias corrections added in quadrature. The com-
pleteness and flux boosting correction are estimated to have
uncertainties of 5 to 7% and 6 to 16%, respectively. The un-
certainty in the resolution bias is less clear: the Windhorst
et al. 1990 work has few sources with flux densities less than
a mJy and was performed at 1.4 GHz. We therefore take the
conservative estimate that the resolution bias correction has
a large 50% uncertainty.
Our source counts are shown in Figure 8, along with
previous deep surveys performed on VLA at 8.4 GHz from
Windhorst et al. (1993); Fomalont et al. (2002); Henkel &
Partridge (2005) and Heywood et al. (2013a). These deep
VLA surveys cover only small areas of sky consisting of sev-
eral individual VLA pointings (Windhorst et al. 1993, Foma-
lant et al. 2002, Henkel and Partridge 2005), or a single deep
pointing (Heywood et al. 2013a). Two large shallow mosaics,
totalling more than a degree, were produced by Henkel and
Partridge to cover the bright regime (S > 1 mJy). Our deep
but wide ATCA mosaic provides the best statistics in the
0.1 to 1 mJy range. In comparing our source counts with
VLA results we do not apply spectral index corrections, as
these can be uncertain, but note that for a spectral index of
α = −0.8 the flux density difference is only 5% between the
VLA and our ATCA work (8.4 GHz vs 9.0 GHz).
Source counts from the semi-empirical sky simulation
developed for the SKA (SKADS S3-SEX, Wilman et al.
2008, 2010) are shown in Figure 8 as SKADS total counts
(black solid line), SKADS AGN counts (blue dashed line)
and SKADS star forming galaxy counts (red dotted line).
These counts were linearly interpolated between the simula-
tion frequencies of 4.86 and 18 GHz to the ATCA frequency
of 9 GHz. A more recent simulation is the Tiered Radio Ex-
tragalactic Continuum Simulation (T-RECS, Bonaldi et al.
2019), which is similar to SKADS but motivated by the
need for an update to SKADS given a decade of more ra-
dio observations and improvements in modelling. T-RECS
is based upon the evolutionary model of flat and steep spec-
trum AGN radio sources by Massardi et al. (2010) (revised
by Bonato et al. 2017) and includes a star forming popula-
tion with radio emission modelled following Mancuso et al.
(2015); Bonato et al. (2017) and Cai et al. (2013). We use
the medium simulation of T-RECs consisting of AGN and
SF galaxies over 25 square degrees and show source counts
from the simulation’s 9.2 GHz flux densities in Figure 8.
At bright flux densities (S > 1mJy) our source counts
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Figure 7. LEFT: Fitted angular size as a function of total flux density. Unresolved or point sources are shown with an angular size
of zero. Multiple component sources are plotted with the largest angular scale, or maximum distance between components. The solid
line indicates the minimum angular size (θmin) of sources in the survey, below which sources are considered unresolved. The dotted line
shows the maximum angular size (θmax) above which the survey becomes incomplete due to resolution bias. The dashed lines indicate
the median source sizes expected from the Windhorst et al. (1990) relation, as a function of flux density, for a spectral index of −0.8,
−0.5 and 0 (top to bottom) between 1.4 and 9.0 GHz. RIGHT: The resolution bias correction as a function of flux density, assuming the
integral source size distribution from Windhorst et al. (1990).
Figure 8. Euclidean normalized 9 GHz differential source counts: this work (fill squares), Henkel and Patridge (blue squares); Fomalont
et al. 2002 (black triangles); Heywood et al. 2013 (red upside-down triangles); Windhorst et al. (1993) (circles). Counts from this work
are corrected for completeness, flux boosting and resolution bias. Vertical bars represent Poisson plus completeness, flux boosting, and
resolution bias uncertainties. Also shown are model source counts from SKADS (Wilman et al. 2008) and T-RECS (Bonaldi et al. 2019)
simulations.
are consistent with Henkel and Partridge 2005. Although
there are large uncertainties, the observed counts are in gen-
eral well represented by the SKADS and T-RECS models,
which show little difference for S & 0.3 mJy. The observed
counts for S & 0.5 mJy appear to be greater than the sim-
ulations but the discrepancy is only about 0.3 to 0.5 dex,
or roughly a factor of two, and generally within 1 sigma of
the count uncertainty. The bump in the observed counts in
the 0.37 to 0.5 mJy and 0.7 to 1 mJy bins is likely due to
large scale structure and cosmic variance. We find that 4/10
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and 2/5 of the sources in the 0.37 to 0.5 mJy and 700 to 1
mJy bins lie at redshifts associated with known large galaxy
clusters in the eCDFS (see next Section 5.1 and discussion
of redshifts).
At low flux densities (S . 0.3 mJy) the observed counts
show a spread. This is a well known issue for radio source
counts at the lowest flux densities. Cosmic variance can
cause considerable scatter due to the small size of the fields
in deep surveys. Survey systematics introduced by calibra-
tion, deconvolution and source extraction algorithms, and
corrections applied to the raw source counts also tend to be
largest at the faint end, adding to the uncertainty. For ex-
ample, the deep VLA surveys consist of a single, or several,
individual primary-beam areas with non-uniform sensitiv-
ity, so these counts contain large corrections for primary
beam gain. The resolution bias of our counts is greatest in
our faintest bins. A clustering analysis of the SKADS sim-
ulations concluded that cosmic variance is the major cause
of the difference in radio source counts from single/several
pointing surveys at S1.4GHz & 0.1 mJy (Heywood et al.
2013b), equivalent to S9GHz & 0.025 mJy. Nevertheless the
faintest counts do follow the simulation of SKADS and T-
RECS in general (solid black and grey lines), with the ex-
ception of the faintest bin from Heywood et al. 2013.
The T-RECS simulation diverges from the SKADS
count for S . 0.1 mJy, and this appears to be due to the
larger star forming population in the T-RECS simulation.
We have detected only one star forming galaxy out of 55
galaxies in our 9 GHz sample (see Section 5.1), suggest-
ing that our ATCA eCDFS survey does not yet probe the
regime where star forming galaxies become significant. This
is consistent with the SKADS simulations but the T-RECS
simulation suggests ∼50% of the sources in our faintest two
bins will be star forming galaxies, which appears to be an
overprediction. Higher frequency surveys are biased to flat-
ter spectrum sources, i.e. AGN, but this can not completely
explain the low number of star forming galaxies in our ob-
servations. The difference may be due to how the star form-
ing galaxies in T-RECS are modelled or because radio-quiet
AGN, whose radio emission is not dominated by AGN, are
not accounted for in the T-RECS simulation. However, our
observations are not sensitive to typical local star forming
spirals and we find this can account for most of the differ-
ence between our star forming galaxy numbers and those in
the T-RECS simulation (see Section 5.1).
5 NATURE OF FAINT 9 GHZ RADIO
POPULATION
5.1 Star Forming Galaxies vs Active Galactic
Nuclei
We investigate whether the 9 GHz radio sources are dom-
inated by star forming or active galactic nuclei processes.
In the eCDFS, VLA 1.4 GHz radio sources were identified
with an optical/IR counterpart by Bonzini et al. (2013).
Bonzini et al. 2013 separate radio sources into radio loud
AGN (RL AGN), radio quiet AGN, and star forming galaxies
using the multi-band data of this well-studied field. Firstly,
they identify radio loud AGN using a method based on
the observed 24µm to 1.4 GHz flux density ratio q24obs =
log(S24µm/S1.4GHz). Sources are classified as radio loud if they
lie more than 2σ below the q24obs ratio expected of a typ-
ical star forming galaxy SED (M82). Radio sources that lie
above the q24obs threshold were then classified by Bonzini
et al. as radio quiet if they showed clear signs of AGN ac-
tivity in X-Ray (XRay luminosity > 1042 erg s−1) or MIR
colour colour space (Donley et al. 2012 colour wedge). The
remaining sources were classified as star forming galaxies.
These simple criteria do not account for composite AGN/SF
sources or optically-selected Seyferts which have a q24obs
ratio expected of SF galaxies. In other words, this criteria
may misclassify some radio-quiet AGN as SF galaxies, but
we have very few SF galaxies in our sample.
We find Bonzini et al. matches for 52/55 (95%) of the
radio galaxies in our 9 GHz sample. We examined the three
9 GHz sources with no Bonzini et al. identification in detail:
ID 43 is a faint inverted spectrum source which is de-
tected at 5.5 GHz and 9.5 GHz, but not detected in VLA
1.4 GHz imaging. It has a 5.5 GHz flux density of 92 ± 11
µJy (H15) and 9.0 GHz flux density of 144 ± 29µJy from
this work, and hence a spectral index of α = 0.91 ± 0.47.
It has a faint HST F606W band magnitude of 28.37 (Gi-
avalisco et al. 2004). The photometric redshift for this galaxy
has been determined by several teams to range from 2.30 to
2.531 (Wuyts et al. 2008; Bundy et al. 2009; Rafferty et al.
2011; Hsu et al. 2014), which is consistent given differences
in data and SED templates used. We take the photometric
redshift of z = 2.4174 from Hsu et al. 2014 as it uses the latest
multiwavelength catalogue from the CANDELS survey (Guo
et al. 2013). This source also has a Chandra detection, and
given z = 2.4174 its XRay (2 - 10 keV) luminosity is 1042.877
erg s−1, so this source is an XRay AGN. If we extrapolate
the radio SED then the 1.4 GHz flux density is expected to
be ∼26 µJy, consistent with the non-detection in the VLA
1.4 GHz imaging (4σ limit of ∼30 µJy). Given no Spitzer
MIPS 24 µm detection and a S24obs limit of 30 µJy from
Magnelli et al. (2009) then this source is expected to have
q24obs < 0.0. This ratio is borderline between radio-loud and
radio-quiet (see Bonzini et al. 2013 Figure 2), however we
class it as a radio-quiet AGN given it is so faint in the radio
bands.
ID 45 is not detected in Spitzer IRAC or MIPS imag-
ing. It has a very faint F140W detection in CANDELS HST
imaging (Skelton et al. 2014), with an AB magnitude of
24.47. This radio galaxy is bright and resolved at 1.4 GHz ,
with an integrated flux density of 1.38 ± 27 mJy (Miller et
al. 2013). It was also resolved at 5.5 GHz with a flux density
of 424 ± 17.8 µJy (H15). The radio spectral index between
1.4 and 5.5 GHz is α = −0.86± 0.05. The source has an inte-
grated flux density of about 191 µJy at 9 GHz and measured
spectral index of α = −1.62 ± 0.47 between 5.5 and 9.0 GHz.
Hence this radio source appears to have a steepening spec-
trum but the 9 GHz imaging is likely to be resolving out
flux. The MIPS 24 µm limit is 30 µJy (Magnelli et al. 2009)
so this source has q24obs < 1.7, indicating it is a radio-loud
AGN. Skelton et al. 2014 estimate the photometric redshift
of this source to be z = 5.7755, and at that redshift the
source would have an XRay (2 - 10 keV) luminosity of 7.1
× 1043 erg s−1, consistent with an AGN (Luo et al. 2017).
The IRAC 3.6 µm detection limit is approximately 0.15 µJy
(3σ), so this source meets the Zinn et al. (2011) criteria
for Infrared Faint Radio Source (IFRS), and is consistent
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with the paradigm that these sources are high redshift radio
loud AGN. If the photometric redshift is correct, then this is
highest redshift IFRS currently known (see Orenstein et al.
2019).
ID 61 is the eastern lobe of a wide-angle-tailed radio-
loud galaxy detected by ATCA and VLA imaging at 1.4 GHz
(Norris et al. 2006; Miller et al. 2013), and ATCA imag-
ing at 5.5 GHz (H15). Identification of the optical counter-
part is made difficult by a bright star just 20 arcsec away
to the south. However, a faint counterpart can be found in
COMBO17 imaging with an R band AB magnitude of 25.3
(Wolf et al. 2004) and photometric redshift of z = 1.16 (68%
lower and upper confidence levels of z = 0.88 and z = 1.32)
(Rafferty et al. 2011).
From our analysis of these three radio sources and
Bonzini et al. 2013 classifications for the remainder, we find
50/55 (91%) of our 9 GHz sources are radio loud AGN, 4/55
(7%) are radio quiet AGN, and only one source (2%) is a
star forming galaxy (see Table 4). This is very similar to
the Whittam et al. (2015) sample of radio sources (10C,
S15.7GHz > 0.5 mJy), who found 90/96 (94%) are radio loud,
1/96 (1%) is definitely radio quiet, and a further 5/96 (5%)
are borderline between radio loud and radio quiet.
Much deeper 9 GHz surveys are required to probe the
star forming population significantly, and the high resolu-
tion of the 9 GHz imaging may be resolving out nearby star
forming spirals. The brightness temperature sensitivity is
given by:
Tb =
Sν
Ωbeam
c2
2kν2
, (7)
where is ν the observing frequency, Sν is the integrated flux
density, and Ωbeam is the beam solid angle. The constants
c and k are the speed of light and the Boltzmann constant,
respectively. Taking the nominal 5σ limit of 100 µJy and
image beam parameters of 4.0 and 1.3 arcsec, we find a 9
GHz brightness temperature limit of 0.29 K, or equivalently,
a surface brightness limit of 0.017 mJy/arcsec2. This is the
limit of bright face-on spirals such as NGC 253 (see Figure
2 of Condon et al. 1991), hence our observations are only
sensitive to the brightest local spirals and starbursts.
To estimate the number of missing star forming galaxies
from our sample we use the VLA 1.4 GHz radio sources in
the eCDFS from Bonzini et al. (2013) which are classified
as star forming galaxies and predict their 9 GHz radio flux
densities assuming a synchrotron spectral index (α = −0.7).
We find 5 star forming galaxies with a predicted 9 GHz
flux density greater than 89 microJy (our faintest detected
source), and all are local, with 0.08 < z < 0.15. Only 1/5 of
these were detected by our observations (ID 11). The near-
est of the missing star forming galaxies has a relatively large
predicted 9 GHz flux density of 240 µJy, but its peak flux
density was just below the threshold for detection (i.e. it
is bright but large and extended). The remaining 3 unde-
tected 1.4 GHz star forming sources have predicted 9 GHz
flux densities of 102 to 104 µJy. The star forming fraction
in the faintest two bins would increase from 1/9 (11%) to
5/13 (38%) if these were detected by our observations. Thus
local missing star forming galaxies can account for most of
the discrepancy between our star forming galaxy counts and
those from T-RECS.
Using the wealth of multiwavelength data available in
the eCDFS, we were able to assign a reliable literature spec-
troscopic redshift to 41/55 (∼75% ) of the radio sources, and
a photometric redshift to 13 of the 14 remaining sources. The
radio source without a spectroscopic or photometric redshift
is at the edge of the radio image and lies just west of the 30
× 30 arcmin eCDFS region with the best multiwavelength
coverage. The redshifts and resulting radio luminosity of the
radio sources are summarised in Table 4.
In Figure 9 we plot the observed redshift distribution
of the 9 GHz radio sources. There is a peak in the observed
distribution at z ∼ 0.6 – 0.7, which corresponds to known
galaxy overdensities at z ' 0.68 and z ' 0.73 (Gilli et al.
2003; Dehghan & Johnston-Hollitt 2014). The redshift dis-
tribution for all AGN sources in the T-RECS simulation is
over-plotted for comparison. The full T-RECS AGN model
redshift distribution was normalised to our flux cut and area.
The small numbers in each bin makes it difficult to draw
definitive conclusions, but the broad shape of the model
AGN redshift distribution is consistent with the observed
distribution, taking into account the known large scale struc-
ture at z ∼ 0.7. In Figure 9 we also show the T-RECs red-
shift distribution for star forming galaxies, again normalised
for our flux cut and area coverage, and find that there are
a significant number of star forming galaxies in the lowest
redshift bin of the simulation which are not in our observa-
tions. This is consistent with our analysis above that our ob-
servations are missing local star forming galaxies due to the
brightness temperature limit. However, T-RECS also pre-
dicts a low number of star forming galaxies up to redshift
z ∼ 2.5, on the level of 1 to 2 in each bin, which are not
reflected in our observations.
Figure 10 shows the 9 GHz monochromatic radio lu-
minosity (in units of W Hz−1) versus redshift for the radio
sources, for the radio-loud, radio quiet and SF classes. The
dotted line in Figure 10 denotes the detection limit of our 9
GHz survey using the approximate 5 σ limit of 100 µJy. As
expected the one star forming galaxy is at low redshift and
is low radio luminosity (P9GHz = 8.6 × 1021 W Hz−1. The
1.4 GHz luminosity of this source (using the VLA detection)
is P1.4GHz = 3.7 × 1022 W Hz−1, which corresponds to a star
formation rate of ∼ 23 M yr−1 using the calibration of Ken-
nicutt & Evans (2012), so this is only a moderate starburst.
The radio quiet AGN are detected across a wide redshift
range, and tend to be at the lower end of radio luminosities
for their particular redshift bin. Radio loud AGN are found
across the full radio luminosity range.
5.2 Radio Spectral Energy Distributions
The existing radio observations of the eCDFS allows us
to study the broadband radio spectral energy distributions
of faint radio sources. The VLA observations reach 7.4
µJy/beam rms for a 2.8 × 1.6 arcsec beam at 1.4 GHz
(Miller et al. 2013), and the ATCA observations achieve 8.6
µJy/beam rms, for a beam of 5.0 × 2.0 arcsec (H15). The ra-
dio spectral energy distributions (SED) and spectral indices
of the 5.5 GHz-selected faint radio population in eCDFS
were presented in our previous work (H15). The conclusion
was that the deep 5.5 GHz observations are starting to probe
the star forming population but a significant fraction (39%)
of even the faintest sources show a flat or inverted radio spec-
tral index, and several radio sources showed deviation from
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Table 4. Galaxy classification and redshift information for the 9 GHz radio sources.
ID classification 9 GHz radio luminosity redshift redshift type redshift reference
log (W Hz−1)
1 RL AGN 23.83 0.6852 spectroscopic Mao et al. (2012)
2 RL AGN 24.39 1.17 photometric Bonzini et al. 2013
3 RL AGN 23.63 0.5233 spectroscopic Mao et al. 2012
5 RL AGN 23.46 0.53739 spectroscopic Cooper et al. 2012
6 RL AGN 24.19 0.68466 spectroscopic Cooper et al. 2012
7 RL AGN 25.62 2.64 photometric Rafferty et al. (2011)
8 RL AGN 24.62 0.98268 spectroscopic Cooper et al. 2012
9 RL AGN 24.34 0.81281 spectroscopic Childress et al. (2017)
10 RL AGN 25.50 1.0291 spectroscopic Balestra et al. (2010)
11 SF 21.93 0.18107 spectroscopic Cooper et al. 2012
12 RL AGN 23.70 0.732 spectroscopic Silverman et al. 2010
13 RQ AGN 23.79 0.6229 spectroscopic Cooper et al. 2012
14 RL AGN 25.07 0.66931 spectroscopic Cooper et al. 2012
19 RL AGN 22.80 0.14726 spectroscopic Childress et al. 2017
20 RL AGN 24.47 1.107 photometric Rafferty et al. 2011
21 RL AGN 23.34 0.5342 spectroscopic Cooper et al. 2012
22 RL AGN 24.31 0.9807 spectroscopic Le Fe`vre et al. (2004)
23 RL AGN 25.04 1.222 spectroscopic Szokoly et al. (2004)
25 RL AGN 26.04 1.3145 photometric Hsu et al. (2014)
29 RL AGN 26.19 1.95429 spectroscopic Childress et al. 2017
33 RQ AGN 24.35 1.613 spectroscopic Vanzella et al. (2008)
34 RL AGN 22.68 0.2149 spectroscopic Cooper et al. 2012
35 RL AGN 25.06 0.73703 spectroscopic Childress et al. 2017
36 RL AGN 23.23 0.61651 spectroscopic Childress et al. 2017
37 RL AGN 23.07 0.528547 spectroscopic Cooper et al. 2012
38 RL AGN 24.84 1.10 spectroscopic Silverman et al. 2010
40 RL AGN 23.79 0.734322 spectroscopic Cooper et al. 2012
41 RL AGN 25.50 1.911 photometric Rafferty et al. 2011
42 RL AGN 23.60 0.74208 spectroscopic Cooper et al. 2012
43 RQ AGN 24.68 2.4172 photometric Hsu et al. 2014
44 RL AGN 23.28 0.731 spectroscopic Silverman et al. 2010
45 RL AGN 25.62 5.7755 photometric Skelton et al. 2014
46 RL AGN 26.27 1.5743 spectroscopic Cooper et al. 2012
47 RL AGN 24.56 1.911 photometric Rafferty et al. 2011
48 RL AGN 25.40 1.6212 spectroscopic Cooper et al. 2012
49 RL AGN 23.91 0.73504 spectroscopic Cooper et al. 2012
50 RL AGN 24.67 0.54411 spectroscopic Childress et al. 2017
51 RL AGN 26.03 1.853 photometric Cowley et al. 2016
53 RL AGN 23.74 0.266 spectroscopic Silverman et al. 2010
54 RL AGN 24.91 1.32293 spectroscopic Childress et al. 2017
55 RQ AGN 25.04 2.3428 spectroscopic Danielson et al. 2017
56 RL AGN 24.18 1.328 photometric Rafferty et al. 2011
57 RL AGN 23.84 1.107 photometric Rafferty et al. 2011
58 RL AGN 24.19 0.6834 spectroscopic Eales et al. 2009
59 RL AGN 23.68 0.57443 spectroscopic Childress et al. 2017
60 RL AGN 23.78 1.040 spectroscopic Silverman et al. 2010
61 RL AGN 24.94 0.99 photometric Wolf et al. 2008
62 RL AGN 24.08 1.3681 spectroscopic Danielson et al. 2017
63 RL AGN 24.87 1.80514 spectroscopic Childress et al. 2017
64 RL AGN 24.39 2.136 photometric Rafferty et al. 2011
65 RL AGN 25.76 1.2262 spectroscopic Danielson et al. 2017
66 RL AGN 24.18 0.96685 spectroscopic Cooper et al. 2012
67 RL AGN 23.87 0.6767 spectroscopic Norris et al. 2006
68 RL AGN 25.40 1.36458 spectroscopic Cooper et al. 2012
70 RL AGN — — — —
a log-linear fit in their radio SED consistent with steepening
or a gigahertz-peaked spectrum.
To study the spectral index of the 9 GHz selected sam-
ple we matched the 9 GHz sources to the Miller et al. 2013
VLA 1.4 GHz survey of the eCDFS and the 5.5 GHz sur-
vey from our earlier ATCA work (H15). Multiple component
sources were combined so that the the total flux densities
were used in calculating the spectral index. The resulting
spectral indices are collated in Table 5. We examined the
sources with the steepest spectral indices between 5.5 and
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Figure 9. The redshift distribution of our 9 GHz radio sam-
ple. For comparison the redshift distributions for AGN and SF
galaxies in the T-RECS simulation, given our flux density cut
and survey area, are shown as red-dotted and blue-dashed lines,
respectively.
Figure 10. Radio luminosity as a function of redshift for the 9
GHz radio sources. Radio-loud AGN are shown as small black
circles, radio-quiet AGN are marked by larger red circles, and the
one star forming galaxy is marked by the blue square. The dotted
line is the approximate detection limit of the survey.
9.0 GHz (α < −1.0) which have a more canonical spectral
index at 1.4 to 5.5 GHz (α closer to the synchrotron value
of −0.7). We find ten of these sources are extended at 1.4
and/or 5.5 GHz, but are point-like or have missing compo-
nents at 9 GHz, suggesting they are missing some 9 GHz flux
density or have non-detected lobes due to the higher resolu-
tion and lower sensitivity of the 9 GHz imaging. Removing
these ten sources with spuriously steep spectra results in
a spectral index α9.05.5 distribution that is almost bimodal:
the distribution shows a population with a canonical syn-
chrotron spectral index peaking at close to −0.7 and a sec-
ond population of flat and inverted spectrum sources with
α > −0.3 (Figure 11). We find 20/55 or 36% of the 9 GHz
population are flat or inverted with α > −0.3. The fraction
of flat spectrum sources in AGN models of the the T-RECS
simulation (Bonaldi et al. 2019), after applying a flux density
cut of 50 µJy at 5.0 GHz and 100 µJy at 9.2 GHz to repro-
duce the survey selection criteria, is ∼17% suggesting that
their model is missing a significant number of flat spectrum
AGN at 9 GHz.
The spectral index distribution for flat and steep spec-
trum AGN sources in the T-RECS simulation with our selec-
tion criteria (S5GHz < 50µJy and S9.2GHz < 100µJy) is shown
in Figure 11 for comparison, re-normalised to the peak of our
observed distribution. The steep AGN component appears
to be reflected in our observed spectral index distribution,
however the model flat spectrum component has a peak at
about α = −0.5. The observed inverted spectrum sources
(α > 0) appear to be missing from the simulations and seem
to be not well-handled by the radio population models of
T-RECS.
The observed fraction of flat spectrum sources is similar
to the results from H15 for the 5.5 GHz selected GHz sources
in eCDFS. That work used the 1.4 to 5.5 GHz spectral in-
dex, whereas this result is from the 5.5 to 9.0 GHz spectral
index, showing that in almost all cases the flat or inverted
5.5 GHz selected sources have continued to be flat or in-
verted at 9.0 GHz. This is confirmed in the plot of 1.4 to 5.5
GHz alpha vs 5.5 to 9.0 GHz alpha (Figure 12). Nearly all 9
GHz sources do not show a significant change from 1.4 to 9.0
GHz in their spectral index (Figure 12). We note however
the uncertainty in the 5.5 to 9.0 GHz alpha can be large,
due to the lower S/N of the sources in the 9.0 GHz images.
Hence, more sensitive 9 GHz imaging would allow a better
determination of whether there is significant change in the
broadband radio SED in this frequency regime. Figure 12
shows one outlier 9 GHz source, ID 59, which has a 1.4 to
5.5 GHz spectral index of −0.37 but inverted between 5.5
and 9 GHz with spectral index of 1.51 at higher frequencies.
This source appears to have an “upturned steep” radio SED
(Harvey et al. 2018) which indicates that the high frequency
observations may be detecting restarting radio jets while the
lower frequency 1.4 GHz VLA observations are detecting the
older lobes. This radio source is unresolved in the 1.4 GHz
VLA imaging and 5.5 GHz ATCA imaging, and slightly ex-
tended in the 9 GHz imaging, so this may be a possibility.
However, higher resolution imaging at 9 GHz combined with
deeper 1.4 GHz imaging to pick up low surface brightness
extended lobes would be needed to confirm this.
Source ID 43 is a faint inverted spectrum source which
was not detected in VLA imaging, down to 7.5 µJy rms at
1.4 GHz, and is classified as a radio-quiet AGN. This implies
that radio-quiet AGN may be more numerous than expected,
even at these faint flux density levels. This inverted radio-
quiet AGN is the radio-faint analogue to radio-loud high fre-
quency peakers (HFPs), which are thought to be small and
very young (.100 years old) radio sources (Dallacasa 2003).
Next generation sky surveys such as Evolutionary Map of the
Universe (EMU) on ASKAP (Norris et al. 2011)and VLASS
are expected to reach 10 and 70 µJy rms at 1.4 and 3.0 GHz,
respectively, but faint inverted radio quiet AGN such as ID
43 will be completely missed by these surveys.
Lastly, we note that time variability of radio sources
can affect the measured spectral index but the 5.5 and 9.0
GHz ATCA data were obtained simultaneously so variability
is not a factor in the measurements of the 5.5 to 9.0 GHz
spectral indices.
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Figure 11. The distribution of the spectral index between 5.5 and
9.0 GHz for our 9 GHz sample. Nine steep spectrum (α < −1.0)
sources are not included as they are missing 9 GHz flux. The T-
RECS model steep spectrum (dashed red line) and flat spectrum
AGN sources (dotted red line) are plotted for comparison.
Figure 12. The spectral index between 5.5 and 1.4 GHz versus
spectral index between 9.0 and 5.5 GHz.
6 SUMMARY AND CONCLUSIONS
We have presented Australia Telescope Compact Array 9.0
observations at 9.0 GHz of the extended Chandra Deep Field
South. The resulting image of 0.276 square degrees reaches
a sensitivity of ∼ 21 µJy per beam rms, for a synthesised
beam of 4.0 × 1.3 arcsec. This mosaic is the largest ever
made at 9 GHz to these depths, and, importantly, the noise
variation over the image is only about 20%. We catalogued
55 individual radio sources and find 7 of these are multiple-
component radio sources.
We calculated source counts at 9.0 GHz after careful
corrections for completeness, flux boosting and resolution
bias. These are amongst the deepest source counts in the 9
GHz band but come from an area much larger than previ-
ous VLA work, which consisted of one or two deep pointings.
This work provides the best statistics for 0.1 < S9GHz < 1
mJy. In general we find there is good agreement between
the observed counts and the semi-empirical simulations of
Wilman et al. 2008 (SKADS) and Bonaldi et al. 2019 (T-
RECS). The T-RECS simulations predict about 50% of the
faintest sources in our sample would be star forming galaxies
but we have detected only one star forming galaxy with our
radio observations. Our observations do not have the surface
brightness sensitivity to detect typical local star forming spi-
rals, and they can account for this discrepancy.
Using the wealth of multiwavelength data available in
the eCDFS, we were able to classify the radio sources as
AGN or star forming and assign redshifts. Radio sources in
eCDFS have been classified as radio-loud, radio-quiet or star
forming by Bonzini et al. (2013), using MIR 24µm-radio flux
density ratio, X-Ray luminosity and MIR (IRAC) colour-
colour diagnostics. We applied this classification to 52/55
of the 9 GHz sources and examined the remaining three in
the literature. We find 50/55 (91%) of the 9 GHz sources
are radio loud AGN, 4/55 (7%) are radio quiet AGN, and
only one source (2%) is a star forming galaxy. Therefore,
surveys even deeper than 100 µJy, or with better surface
brightness sensitivity, are required to probe the star forming
population significantly at 9 GHz. Spectroscopic redshifts
were available for 41 (75%) of radio sources and 13 of the
remaining 14 sources had a photometric redshift estimate.
The observed redshift distribution shows a spike at z ∼ 0.7
consistent with a well-known galaxy overdensity, and has an
overall shape consistent with the T-RECS (Bonaldi et al.
2019) AGN model redshift distribution, but a larger sample
size is required to draw definitive conclusions on the redshift
distribution.
Radio sources were matched to literature VLA 1.4 GHz
data (Miller et al. 2013) and our ATCA observations at 5.5
GHz (H15). Nearly all 9 GHz sources do not show a signifi-
cant change from 1.4 to 9.0 GHz in their spectral index (i.e.
no significant curvature between 1.4 to 9.0 GHz). We find
20/55 or 36% of the faint 9 GHz population are flat or in-
verted with α > −0.3. This fraction is greater than that seen
in the AGN models of the T-RECS simulations suggesting
the radio population models are missing faint (or low lu-
minosity) flat and inverted spectrum sources at 9 GHz. One
inverted spectrum source, ID 43, is a radio quiet AGN which
is too faint to be detected in deep VLA imaging. This type of
radio source, with estimated space density of ∼4 per square
degree, would be missed in new all-sky surveys such as EMU
and VLASS.
New deep and wide radio surveys at high frequencies (&
10 GHz) are expected over the next few years. ATCA is cur-
rently undertaking observations for a Legacy Project called
the GAMA Legacy ATCA Southern Survey (GLASS, Huynh
et al. in preparation). The GLASS legacy survey aims to
cover the 50 square degrees of the GAMA G23 field (Driver
et al. 2009; Baldry et al. 2010) at 5.5 and 9.5 GHz to 30 and
50 µJy rms, respectively, with 3000 hours of observations
over 3 years. GLASS is expected to detect about 13,000 and
8,000 sources at 5.5 and 9.5 GHz, respectively, providing
definitive source counts and a large sample for understanding
the flat or inverted spectrum sources not detected at lower
frequency (e.g. EMU and VLASS). There is also an ATCA
project to image the eCDFS at 8.5 GHz to ∼ 7 µJy (project
ID C3171, Galvin et al. in preparation). These deep obser-
vations are expected to detect about 10 starbursts to z ∼ 1.
The main goal of this project is to trace star formation to
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moderate redshift using 8.5 GHz, where the radio continuum
starts to have a significant contribution from thermal radio
emission. This may be a better tracer of instantaneous star
formation rate than synchrotron emission at 1.4 GHz. These
new high frequency radio surveys will provide further valu-
able insights into radio AGN and star forming populations,
their evolution, and constraints for future radio population
modelling.
ACKNOWLEDGEMENTS
We thank the anonymous referee for their careful reading of
the manuscript. MH thanks A. Bonaldi for helpful discus-
sions which have improved this paper.
The Australia Telescope Compact Array is part of the
Australia Telescope National Facility which is funded by the
Australian Government for operation as a National Facil-
ity managed by CSIRO. This research has made use of the
VizieR catalogue access tool, CDS, Strasbourg, France (DOI
: 10.26093/cds/vizier). This research has made use of the
NASA/IPAC Extragalactic Database (NED), which is oper-
ated by the Jet Propulsion Laboratory, California Institute
of Technology, under contract with the National Aeronautics
and Space Administration.
REFERENCES
AMI Consortium et al., 2011a, MNRAS, 415, 2699
AMI Consortium et al., 2011b, MNRAS, 415, 2708
Baldry I. K., et al., 2010, MNRAS, 404, 86
Balestra I., et al., 2010, A&A, 512, A12
Begelman M. C., Blandford R. D., Rees M. J., 1984, Reviews of
Modern Physics, 56, 255
Bonaldi A., Bonato M., Galluzzi V., Harrison I., Massardi M.,
Kay S., De Zotti G., Brown M. L., 2019, MNRAS, 482, 2
Bonato M., et al., 2017, MNRAS, 469, 1912
Bonzini M., Padovani P., Mainieri V., Kellermann K. I., Miller
N., Rosati P., Tozzi P., Vattakunnel S., 2013, MNRAS, 436,
3759
Bundy K., Fukugita M., Ellis R. S., Targett T. A., Belli S., Ko-
dama T., 2009, ApJ, 697, 1369
Cai Z.-Y., et al., 2013, ApJ, 768, 21
Childress M. J., et al., 2017, MNRAS, 472, 273
Condon J. J., 1984, ApJ, 284, 44
Condon J. J., 1989, ApJ, 338, 13
Condon J. J., Huang Z.-P., Yin Q. F., Thuan T. X., 1991, ApJ,
378, 65
Cooper M. C., et al., 2012, MNRAS, 425, 2116
Dallacasa D., 2003, Publ. Astron. Soc. Australia, 20, 79
Dehghan S., Johnston-Hollitt M., 2014, AJ, 147, 52
Donley J. L., et al., 2012, ApJ, 748, 142
Driver S. P., et al., 2009, Astronomy and Geophysics, 50, 5.12
Fomalont E. B., Kellermann K. I., Wall J. V., Weistrop D., 1984,
Science, 225, 23
Fomalont E. B., Kellermann K. I., Partridge R. B., Windhorst
R. A., Richards E. A., 2002, AJ, 123, 2402
Franzen T. M. O., et al., 2014, MNRAS, 439, 1212
Franzen T. M. O., et al., 2015, MNRAS, 453, 4020
Giavalisco M., et al., 2004, ApJ, 600, L93
Gilli R., et al., 2003, ApJ, 592, 721
Guo Y., et al., 2013, ApJS, 207, 24
Hales C. A., et al., 2014, MNRAS, 441, 2555
Hancock P. J., Murphy T., Gaensler B. M., Hopkins A., Curran
J. R., 2012, MNRAS, 422, 1812
Hancock P. J., Trott C. M., Hurley-Walker N., 2018, Publ. Astron.
Soc. Australia, 35, e011
Harvey V. M., Franzen T., Morgan J., Seymour N., 2018, MN-
RAS, 476, 2717
Henkel B., Partridge R. B., 2005, ApJ, 635, 950
Heywood I., Bielby R. M., Hill M. D., Metcalfe N., Rawlings S.,
Shanks T., Smirnov O. M., 2013a, MNRAS, 428, 935
Heywood I., Jarvis M. J., Condon J. J., 2013b, MNRAS, 432,
2625
Hsu L.-T., et al., 2014, ApJ, 796, 60
Huynh M. T., Jackson C. A., Norris R. P., Prandoni I., 2005, AJ,
130, 1373
Huynh M. T., Jackson C. A., Norris R. P., Fernandez-Soto A.,
2008, AJ, 135, 2470
Huynh M. T., Hopkins A., Norris R., Hancock P., Murphy T.,
Jurek R., Whiting M., 2012a, Publ. Astron. Soc. Australia,
29, 229
Huynh M. T., Hopkins A. M., Lenc E., Mao M. Y., Middelberg
E., Norris R. P., Randall K. E., 2012b, MNRAS, 426, 2342
Huynh M. T., Bell M. E., Hopkins A. M., Norris R. P., Seymour
N., 2015, MNRAS, 454, 952
Ibar E., Ivison R. J., Biggs A. D., Lal D. V., Best P. N., Green
D. A., 2009, MNRAS, 397, 281
Kennicutt R. C., Evans N. J., 2012, ARA&A, 50, 531
Koekemoer A. M., et al., 2011, ApJS, 197, 36
Le Fe`vre O., et al., 2004, A&A, 428, 1043
Longair M. S., 1966, MNRAS, 133, 421
Luo B., et al., 2017, ApJS, 228, 2
Magnelli B., Elbaz D., Chary R. R., Dickinson M., Le Borgne D.,
Frayer D. T., Willmer C. N. A., 2009, A&A, 496, 57
Mancuso C., et al., 2015, ApJ, 810, 72
Mao M. Y., et al., 2012, MNRAS, 426, 3334
Massardi M., et al., 2008, MNRAS, 384, 775
Massardi M., Bonaldi A., Negrello M., Ricciardi S., Raccanelli A.,
de Zotti G., 2010, MNRAS, 404, 532
Miller C. J., et al., 2001, AJ, 122, 3492
Miller N. A., et al., 2013, ApJS, 205, 13
Murphy T., et al., 2010, MNRAS, 402, 2403
Norris R. P., 2017, Nature Astronomy, 1, 671
Norris R. P., et al., 2006, AJ, 132, 2409
Norris R. P., et al., 2011, Publ. Astron. Soc. Australia, 28, 215
Oliver S. J., et al., 2012, MNRAS, 424, 1614
Orenstein B. J., Collier J. D., Norris R. P., 2019, MNRAS, 484,
1021
Padovani P., Mainieri V., Tozzi P., Kellermann K. I., Fomalont
E. B., Miller N., Rosati P., Shaver P., 2009, ApJ, 694, 235
Padovani P., Miller N., Kellermann K. I., Mainieri V., Rosati P.,
Tozzi P., 2011, ApJ, 740, 20
Prandoni I., Parma P., Wieringa M. H., de Ruiter H. R., Gregorini
L., Mignano A., Vettolani G., Ekers R. D., 2006, A&A, 457,
517
Rafferty D. A., Brandt W. N., Alexander D. M., Xue Y. Q., Bauer
F. E., Lehmer B. D., Luo B., Papovich C., 2011, ApJ, 742, 3
Rix H.-W., et al., 2004, ApJS, 152, 163
Ryle M., Clarke R. W., 1961, MNRAS, 122, 349
Sault R. J., Teuben P. J., Wright M. C. H., 1995, in Shaw R. A.,
Payne H. E., Hayes J. J. E., eds, Astronomical Society of the
Pacific Conference Series Vol. 77, Astronomical Data Analysis
Software and Systems IV. p. 433 (arXiv:astro-ph/0612759)
Seymour N., McHardy I. M., Gunn K. F., 2004, MNRAS, 352,
131
Seymour N., et al., 2008, MNRAS, 386, 1695
Silverman J. D., et al., 2010, ApJS, 191, 124
Skelton R. E., et al., 2014, ApJS, 214, 24
Smolcˇic´ V., et al., 2008, ApJS, 177, 14
Szokoly G. P., et al., 2004, ApJS, 155, 271
Vanzella E., et al., 2008, A&A, 478, 83
MNRAS 000, 1–16 (2019)
16 M. T. Huynh et al.
Waldram E. M., Pooley G. G., Grainge K. J. B., Jones M. E.,
Saunders R. D. E., Scott P. F., Taylor A. C., 2003, MNRAS,
342, 915
Whittam I. H., et al., 2013, MNRAS, 429, 2080
Whittam I. H., Riley J. M., Green D. A., Jarvis M. J., Vaccari
M., 2015, MNRAS, 453, 4244
Whittam I. H., Riley J. M., Green D. A., Davies M. L., Franzen
T. M. O., Rumsey C., Schammel M. P., Waldram E. M., 2016,
MNRAS, 457, 1496
Wilman R. J., et al., 2008, MNRAS, 388, 1335
Wilman R. J., Jarvis M. J., Mauch T., Rawlings S., Hickey S.,
2010, MNRAS, 405, 447
Wilson W. E., et al., 2011, MNRAS, 416, 832
Windhorst R. A., Miley G. K., Owen F. N., Kron R. G., Koo
D. C., 1985, ApJ, 289, 494
Windhorst R., Mathis D., Neuschaefer L., 1990, in R. G. Kron ed.,
Astronomical Society of the Pacific Conference Series Vol. 10,
Evolution of the Universe of Galaxies. pp 389–403
Windhorst R. A., Fomalont E. B., Partridge R. B., Lowenthal
J. D., 1993, ApJ, 405, 498
Wolf C., et al., 2004, A&A, 421, 913
Wuyts S., Labbe´ I., Fo¨rster Schreiber N. M., Franx M., Rudnick
G., Brammer G. B., van Dokkum P. G., 2008, ApJ, 682, 985
Zinn P. C., Middelberg E., Ibar E., 2011, A&A, 531, A14
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–16 (2019)
The ATLAS 9.0 GHz Survey of the Extended Chandra Deep Field South 17
Table 5. The spectral indices between 1.4 and 9.0 GHz of the ATCA 9.0 GHz sample.
ID S9.0GHz δS9.0GHz S5.5GHz δS5.5GHz S1.4GHz δS1.4GHz α
9.0GHz
5.5GHz δα
9.0GHz
5.5GHz α
5.5GHz
1.4GHz δα
5.5GHz
1.4GHz
(µJy) (µJy) (µJy) (µJy) (µJy) (µJy)
1 374 58 544 54 1310 19 -0.76 0.37 -0.64 0.07
2 386 52 505 37 1036 15 -0.54 0.31 -0.53 0.06
3 441 35 421 34 260 17 0.09 0.23 0.35 0.08
5 277 37 231 24 252 14 0.37 0.34 -0.06 0.08
6 859 66 697 44 1312 13 0.42 0.20 -0.46 0.05
7 1034 69 1286 80 4108 26 -0.44 0.18 -0.85 0.05
8 981 71 1298 80 2836 13 -0.57 0.19 -0.57 0.05
9 804 63 704 49 555 13 0.27 0.21 0.17 0.05
10 6749 364 10114 560 22000 13 -0.82 0.16 -0.57 0.04
11 95 24 127 13 410 15 -0.58 0.56 -0.86 0.08
12a 235 36 499 33 1281 12 -1.52 0.34 -0.69 0.05
13 427 47 333 10 284 15 0.50 0.23 0.12 0.04
14 6842 1642 10638 56 25760 55 -0.90 0.49 -0.65 0.00
19 1086 20 949 9 1493 13 0.27 0.04 -0.33 0.01
20 531 25 683 12 1098 51 -0.51 0.10 -0.35 0.04
21 212 42 203 24 148 12 0.09 0.47 0.23 0.10
22a 481 24 866 10 3700 29 -1.20 0.10 -1.06 0.01
23 1572 105 2366 146 5697 43 -0.83 0.18 -0.64 0.05
25a 13061 1045 24005 36 90450 60 -1.24 0.16 -0.97 0.00
29 7449 1788 10921 32 27710 67 -0.78 0.49 -0.68 0.00
33 169 23 103 15 46 8 1.00 0.40 0.59 0.17
34a 366 43 1702 86 4814 103 -3.12 0.26 -0.76 0.04
35 5269 32 7584 16 20240 62 -0.74 0.01 -0.72 0.00
36 119 27 147 17 118 13 -0.43 0.51 0.16 0.12
37 118 18 92 11 106 13 0.49 0.39 -0.10 0.12
38a 1254 136 3526 67 10650 48 -2.10 0.22 -0.81 0.01
40 288 35 422 36 514 12 -0.77 0.30 -0.14 0.06
41 1628 117 1718 99 2952 13 -0.11 0.19 -0.40 0.04
42 181 31 258 13 130 14 -0.71 0.36 0.50 0.09
43 144 36 92 16 <30 — 0.91 0.62 >0.80 —
44 89 28 90 17 44 9 -0.03 0.74 0.52 0.20
45a 191 34 424 13 1380 27 -1.62 0.36 -0.86 0.03
46 14823 842 11886 665 3871 13 0.45 0.16 0.82 0.04
47 185 32 183 18 365 13 0.03 0.40 -0.51 0.08
48 1860 119 2052 116 3213 12 -0.20 0.17 -0.33 0.04
49 382 48 517 37 257 13 -0.61 0.29 0.51 0.06
50 4400 23 3533 212 2037 13 0.45 0.12 0.40 0.04
51 5848 104 11253 23 53640 52 -1.33 0.04 -1.14 0.00
53 2648 166 2417 143 1868 14 0.19 0.17 0.19 0.04
54 962 74 665 46 630 15 0.75 0.21 0.04 0.05
55 355 49 558 40 954 14 -0.92 0.31 -0.39 0.05
56a 176 38 333 13 869 54 -1.29 0.45 -0.70 0.05
57 125 26 173 18 218 14 -0.66 0.47 -0.17 0.09
58 861 25 1173 12 2402 27 -0.63 0.06 -0.52 0.01
59b 392 24 186 19 310 14 1.51 0.25 -0.37 0.08
60a 124 39 268 29 660 30 -1.56 0.68 -0.66 0.09
61a 2006 261 3886 25 13050 88 -1.34 0.26 -0.89 0.00
62 133 31 196 19 360 15 -0.79 0.52 -0.44 0.08
63 427 25 667 10 1880 17 -0.90 0.12 -0.76 0.01
64 97 19 134 20 596 16 -0.66 0.49 -1.09 0.11
65 8121 42 12243 23 40130 41 -0.83 0.01 -0.87 0.00
66 374 36 559 9 1513 14 -0.82 0.20 -0.73 0.01
67 416 68 491 15 2736 132 -0.34 0.34 -1.26 0.04
68a 2599 45 4849 62 12670 97 -1.27 0.04 -0.70 0.01
70 595 26 533 51 1479 18 0.22 0.21 -0.75 0.07
a spuriously steep source (some flux density is likely resolved out at 9 GHz or 9 GHz lobe(s) below detection limit)
b possible restarting source
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